Abstract. The seasonal spermatogenesis and localization of inhibin/activin subunits (alpha, betaA, betaB) in the testes of wild ground squirrel has been previously described; however, the expression pattern of activin receptors and cytoplasmic signaling SMADs has not been detected in any seasonal breeders. The objective of this study was to investigate the abundance and cellular localization of activin signaling components in testes of the wild ground squirrel during the breeding and nonbreeding seasons. The immunolocalizations of ActRIIB (activin type II receptor B) and activin-related SMADs (phospho-SMAD2/3, SMAD4 and SMAD7) were observed by immunohistochemistry. Total proteins were extracted from testicular tissues in the breeding and nonbreeding seasons and were used for Western blotting analysis for ActRIIB and SMADs. Immunoreactivities of activin signaling components were greater in the testes of the breeding season, and then decreased to a relatively low level in the nonbreeding season. ActRIIB and related SMADs were widely spread in the active testes, while spermatogonia were the predominant cellular sites of activin signal transduction during arrested spermatogenesis. The dynamic regulation of activin type II receptor and SMADs indicated that the activin signal pathway played an important paracrine role in seasonal spermatogenesis of the wild ground squirrel. Furthermore, the distinct localizations and immunoreactivity of ActRIIB and SMADs might suggest different functions of activin in seasonal spermatogenesis. . Seasonal changes of testicular function and spermatogenesis in wild animals are governed by the influence of many growth factors, including members of the transforming growth factor β (TGF-β) superfamily, which is defined as a group of over 40 ligands, such as TGF-βs, inhibins and activins, bone morphogenetic proteins (BMPs), Müllerian inhibiting substance (MIS) and growth and differentiation factors (GDFs) [2] .
SMADs). Activin binds tightly to the ectodomain of the type II receptor first; this binding allows the subsequent incorporation of the type I receptor, forming a large ligand-receptor complex involving a ligand dimer and four receptor molecules. Thereafter, the phosphorylated receptors stimulate R-SMADs (SMAD2 and 3) to accumulate in the nucleus as heteromeric complexes with the Co-SMAD, of which SMAD4 is the only member. In the nucleus, the SMADs associate with one of the many DNA binding partners and various transcriptional coactivators or corepressors, thereby positively or negatively regulating gene expression. In contrast, the I-SMADs (SMAD6 and 7) counteract the effects of the R-SMADs and thus antagonize activin signaling [4] [5] [6] [7] . In addition, it is increasingly apparent that TGF-β-related proteins activate not only SMADs but also other signaling pathways. These pathways regulate SMAD-mediated responses, yet also induce SMAD-independent responses [8] .
The expression of inhibin/activin subunits have been studied in several seasonal breeders, indicating that seasonal changes in testicular activity are correlated with changes in spermatogenesis and testicular distribution of inhibin/activin subunits [9] [10] [11] [12] [13] . Our previous study also demonstrated significant season-related changes in inhibin/activin subunits localization in the wild ground squirrel (Citellus dauricus Brandt) [14] . However, much less is known about the expression of activin receptors and cytoplasmic SMADs in the testes of seasonal breeders [15] . Two of the ActRIIB isoforms (ActRIIB 1 , ActRIIB 2 ) have higher affinity for activin A than ActRIIA [16] . Thus, we have investigated the abundance and cellular localization of ActRIIB and Activin-related SMADs (phospho-SMAD2/3, SMAD4 and SMAD7) in testes of wild ground squirrels during the breeding and nonbreeding seasons in order to elucidate the relationship between activin signaling component proteins and seasonal spermatogenesis in wild ground squirrels.
Materials and Methods

Animals
Sixteen wild male ground squirrels thought to be adult based on their body weights (242-412 g) were captured in April (breeding season) and July (nonbreeding season) of 2009 in Hebei Province, P.R. China. All procedures involving animals were carried out in accordance with the Policy on the Care and Use of Animals, approved by the Ethics Committee, Beijing Forestry University, and approved by the Department of Agriculture of Hebei Province, P.R. China (JNZF11/2007). The animals were euthanized by decapitation before tissue removal. The testes were excised from each body and each obtained testis was cut into 2 portions; one portion was fixed in 4% paraformaldehyde (Sigma Chemical Co., St. Louis, MO, USA) in 0.05 M PBS (pH 7.4) for histological and immunohistochemical observations, and the other portion was immediately stored at -20 C until it was used for Western blotting detection.
Antibodies
Rabbit polyclonal antibodies against ActRIIB, SMAD4 and SMAD7 were purchased from R&D Systems (Beijing, China), and goat polyclonal antibody against phospho-SMAD2/3 was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). For western blotting, ActRIIB, SMAD4 and SMAD7 were used at dilutions of 1:200 in TBS/0.1% Tween, and phospho-SMAD2/3 was diluted at 1:100. For immunohistochemistry, ActRIIB and phospho-SMAD2/3 were used at dilutions of 1:50 in PBS/0.5% BSA, and SMAD4 and SMAD7 were diluted 1:200. The manufacturer's specifications indicated that due to sequence similarity between the two proteins, the phospho-SMAD2/3 would detect both phosphorylated SMAD2 and phosphorylated SMAD3.
Western blotting
Testicular tissue was weighed and diced into small pieces using a clean razor blade. Tissue was homogenized in a homogenizer containing 300 µl of 10 mg/ml PMSF stock and incubated on ice for 30 min, with the temperature maintained at 4 C throughout all procedures. Homogenates were centrifuged at 12,000 × g for 10 min at 4 C. Protein extracts (25 µg) were mixed with an equal volume of 2 × Laemmli sample buffer. Equal amounts of each sample were loaded and run on a 12% SDS-PAGE gel at 18 V/cm and transferred to nitrocellulose membranes using a wet transblotting apparatus (Bio-Rad, Richmond, CA, USA). The membranes were blocked in 3% BSA for 1 h at room temperature. Primary incubation of the membranes was carried out at 4 C overnight. Secondary incubation of the membrane was then carried out using a 1:1000 dilution of goat anti-rabbit IgG (for ActRIIB, SMAD4 and SMAD7) or rabbit anti-goat IgG (for phospho-SMAD2/3) tagged with horseradish peroxidase for 60 min. Finally, the membrane was colored with 25 mg 3,3-diaminobenzidine (Wako, Tokyo, Japan) solution in 25 ml TBS-T buffer (0.02 M Tris, 0.137 M NaCl, and 0.1% Tween-20, pH 7.6) plus 3 µl H 2 O 2 . β-actin was used for the endogenous control. Negative control blots were performed for every experiment using identical samples with water instead of the primary antibody. Densitometric analysis of signals were quantified using Quantity One (Version 4.5, Bio-Rad Laboratories, Hercules, CA, USA) and were presented as relative density. The protein expression level of the nonbreeding season (July) was normalized to that of the breeding season (April), which was given an arbitrary value of 100. The protein expression level of phospho-SMAD3 of the breeding season (April) was normalized to phospho-SMAD2, which was given an arbitrary value of 100 as well.
Immunohistochemistry
The serial sections of testes were incubated with 10% normal goat serum to reduce background staining caused by the second antibody. The sections were then incubated with primary antibody overnight at room temperature. The sections were then incubated with second antibodies, goat anti-rabbit IgG (for ActRIIB, SMAD4 and SMAD7) and rabbit anti-goat IgG (for phospho-SMAD2/3), conjugated with biotin and peroxidase with avidin using a rabbit ExtrAvidin TM staining kit (Sigma, St. Louis, MO, USA), and visualized with 30 mg 3,3-diaminobenzidine (Wako, Tokyo, Japan) solution in 150 ml of 0.05 mol Tris-HCl l −1 buffer, pH 7.6, plus 30 µl H 2 O 2 . Finally, the reacted sections were counterstained with hematoxylin solution (Merck, Tokyo, Japan). The control sections were treated with normal bovine serum (R&D Systems, Beijing, China) instead of the primary antibody. The immunostained slides were scanned using the software Image-Pro Plus 4.5 (Media Cybernetics, Bethesda, MD, USA) at 20 × magnification. The background of each section in the different periods was used as the internal control during evaluation of the intensity of the immunostaining. Intensity was shown as -for negative staining, + for positive staining and ++ for strong positive staining.
Statistical analysis
Mean values (± SD) were calculated and analyzed using one-way ANOVA. Duncan's multiple-range test was used for detection of significant differences using the SPSS computer package.
Results
Expression level of ActRIIB and SMADs in wild ground squirrel testes of the breeding and nonbreeding seasons
Testes of wild ground squirrel, as well as other seasonal breeders, progress from a highly active stage in the breeding season to an inactive state in the nonbreeding season. We hypothesized that activin might be one of those locally acting growth factors that played important direct roles. To investigate the expression patterns of activin signaling components during this process, total protein of testes tissues in the breeding and nonbreeding seasons was extracted, and western blotting for each independent component was performed. The results of Western blotting analysis for ActRIIB and SMADs in testes of the breeding and nonbreeding seasons are shown in Fig. 1 and Fig. 2 . Strong positive signals of ActRIIB, phospho-SMAD2/3, SMAD4 and SMAD7 were all detected in protein extracted from testes in April, while in July, signals of all proteins were also detected except for phospho-SMAD2/3 (Fig. 1) . Bands of approximately 50 kDa for ActRIIB (Fig. 1a) , 55 kDa and 75 kDa for phospho-SMAD2/3 (Fig. 1b) , 61 kDa for SMAD4 (Fig. 1c) and 51 kDa for SMAD7 (Fig. 1d) were identified in the testes lysates. All proteins showed higher expression levels in the lysate of the breeding season than those of the lysate of the nonbreeding season, but in varying degrees (Fig. 2a) . The expression of phospho-SMAD2 was relatively higher than phospho-SMAD3 in the breeding season testes tissues (Fig. 2b) . No signal was detected in each control lane in which water was used instead of primary antibody. β-actin, observed at around 42 kDa (Fig. 1e) , showed relatively stable signals in both seasons. All experiments were performed at least 3 times, and one representative experiment is shown.
Cellular localization of ActRIIB and SMADs in wild ground squirrel testes of the breeding and nonbreeding seasons
Cellular distribution and regulation of activin signaling proteins were investigated during the seasonal reproduction in wild ground squirrel testes (Fig. 3 and Fig. 4) . The immunohistochemical results for ActRIIB and SMADs in breeding season testes of wild ground squirrels are shown in Fig. 3 and summarized in Table 1 . These results showed that phospho-SMAD2/3 and SMAD4 were both strongly detectable in the cytoplasm of Sertoli cells (Fig. 3b and  c) . Importantly, the immunoreactivity of phospho-SMAD2/3 was highest in the nuclei of Sertoli cells, which indicated the possible active transduction of activin signal in Sertoli cells. In Leydig cells, a strong signal of SMAD4 was found, and phospho-SMAD2/3 was weakly observed (Fig. 3b and c) . Notably, exclusive and intense immunoreactivities of ActRIIB and SMAD7 as well as a positive signal for SMAD4 were detected in the cytoplasm of round sper- (Fig. 1e) , was selected as the endogenous control.
Fig. 2.
The relative absorbency of ActRIIB and SMADs in Western blotting. a: The protein expression level of activin signaling components of the nonbreeding season (July) was normalized to those of the breeding season (April), which was given an arbitrary value of 100. b: The protein expression level of phospho-SMAD3 of the breeding season (April) was normalized to phospho-SMAD2, which was given an arbitrary value of 100 as well. *, P<0.5; **, P<0.01; ***, P<0.001. matids ( Fig. 3a and d) .
On the other hand, the immunolocalization of ActRIIB and SMADs in the nonbreeding season testes of wild ground squirrels is shown in Fig. 4 and summarized in Table 2 . In these results, strong positive staining of ActRIIB and SMAD4 was mainly found in the cytoplasm of spermatogonia (Fig. 4a and c) . Immunoreactivity of phospho-SMAD2/3 was also detected in spermatogonia but relatively weaker (Fig. 4b) . There was no immunoreactive signal of SMAD7 in Sertoli cells; however, interestingly, specific staining of SMAD7 was evident in the interstitial cells and peritubular myoid cells (PMCs), as shown in Fig. 4d . No immunostaining was detected in control sections of both the breeding and nonbreeding seasons in which normal horse serum was substituted for the primary antibody (Fig. 3e and Fig. 4e, respectively) .
Discussion
This was the first study to investigate the immunolocalization of activin type II receptor (ActRIIB) and activin-related SMADs (phospho-SMAD2/3, SMAD4 and SMAD7) in the testicular tissues of wild ground squirrels. Immunoreactivities of activin signaling component proteins were greater in the testes of the breeding season and then decreased to a relatively low level in the nonbreeding season, which was in consistent with the protein expression levels in the western blotting results. These findings suggested that activin signaling component proteins might play a regulatory role in the seasonal spermatogenesis of the wild ground squirrel.
In mammalian testes, inhibin/activin were postulated to have opposite endocrine regulatory effects on FSH secretion from the pituitary [17, 18] . Besides, mounting evidence has indicated that by receptor binding and SMADs activation, inhibin/activin also plays an essential role in testicular development and spermatogenesis [19] [20] [21] . Activins together with their signaling molecules must be shown to be produced locally in a particular tissue to provide support for their paracrine or autocrine action in that tissue [15] . Being aware of the possible functional differences between ActRIIA and ActRIIB [15] as well as the distinct roles of SMAD2 and SMAD3 in TGFβ signal transduction [22] , these kinds of variances were not included in this case. In the mouse, exclusively nuclear signals of phospho-SMAD2/3 appeared in somatic and germ cells at all stages of testis development and in adults [23] . The immunolocalization of SMAD4 was reported to be specifically in the cytoplasm of Leydig cells throughout rat testicular development [24] . However, in the wild ground squirrel, phospho-SMAD2/3 presented high immunoreactivity in the Sertoli cell nuclei of the breeding season, and SMAD4 was in both Leydig cells and Sertoli cells, implying the possibility of active TGFβ/activin signal transduction in testicular somatic cells. Furthermore, the results here also suggested that activin and its signaling components were critically involved in maintaining the active state of the seminiferous epithelium in the breeding season testes of the wild ground squirrel.
Recent studies have demonstrated the important interplay between SMAD-mediated TGF-β signaling and steroid hormone nuclear receptors in mammal target tissues or organs [25] [26] [27] . In some species, paracrine/autocrine systems appear to be important in modulating steroid hormone control of testicular function and spermatogenesis [28] . Previously, we speculated that by expressing a large amount of steroidogenic enzymes (P450c17 and P450arom), Sertoli cells and Leydig cells might have the potential to contribute to steroid hormone production and secretion, which is essential for active spermatogenesis in the wild ground squirrel [29] . Thus, the present results raised the possibility that inhibin/activin, along with other TGF-β superfamily members, might cooperate with steroid hormones and their receptors locally to play an important paracrine role in the differentiation of spermatogenic cells. Different from an adult human study in which ActRIIB immunostaining was distributed in Sertoli cells, spermatogonia and some spermatocytes [30] , we observed intense signals of ActRIIB, as well as SMAD7, exclusively in the cytoplasm of round spermatids. These findings also gave us the reason to postulate that the activin signal played a role in the proliferation and differentiation of spermatogenic cells in the breeding season testes.
As demonstrated by both the immunohistochemical and Western blotting results, the expression levels of activin signaling component proteins were lower in the inactive testes of the nonbreeding season than in those of the breeding season. However, spermatogonia, the dominant type of germ cells in the nonbreeding season, were able to express a certain amount of all the activin signaling components detected (except for SMAD7 that is not necessary), which might indicate an intriguing role of activin signaling in the inactive state of spermatogenesis. Previous studies have proved that TGF-β/SMAD signaling inhibits the proliferation through multiple mechanisms by arresting cells in the G1 phase of the cell cycle in a cell type-dependent manner [31] . Also, TGF-β family members might induce programmed cell death in many cell types, and often this is accompanied by growth inhibition [6, 32] . Furthermore, TGF-β has been proven to utilize a multitude of non-SMAD signaling pathways to regulate a wide array of cellular functions, including various branches of MAP kinase pathways, Rho-like GTPase signaling pathways and phosphatidylinositol-3-kinase/AKT pathways [7, 8, 33] . Therefore, the strict expression of activin signaling component proteins in the spermatogonia of the nonbreeding season might indicate the promotion of cell cycle arrest and apoptosis by SMAD-mediated activin signaling during inactive spermatogenesis. If inhibin/activin signaling functioned as cell proliferation inhibitor in the nonbreeding season testes as assumed, which would be highly interesting to discover in future research, it would possibly provide a new insight into the functional study of this canonical signal pathway. It is also worth mentioning that SMAD7 was localized in PMCs in the nonbreeding season and occasionally in the breeding season. Although there have been no concrete studies concerning the localization of SMAD7 in testes of experimental models, Itman and Loveland reported evident Smad7 expression in peritubular cells in newborn, 5-day-old and 15-day-old testes [19] . However, the mechanism underlying this precise inhibitory regulation of TGFβ/activin signaling in PMCs is unknown.
In conclusion, this was the first study concerning receptors and cytoplasmic SMADs of the activin signaling pathway in testes of a seasonal breeding mammal. The cellular localization and expression level of ActRIIB and activin-related SMADs were detected by immunohistochemistry and Western blotting. Combined with our previous study, we have completed a basic foundation for understanding the significance of activin signaling activity in seasonal spermatogenesis. The present study strongly aided the postulation that activin plays a critical dynamic role in maintaining the normal seasonal spermatogenesis in the wild ground squirrel.
